In the current work, the application of chemical coagulation/flocculation/sedimentation, an established and low cost method, to marble processing wastewater treatment is studied, and the optimum conditions for the maximum solid waste removal are investigated. The environmental impact from the operation of a modern marble processing plant is actually important, due to the consumption of high amounts of water resulting in the production of high effluent volumes, and therefore particular efforts are made for the efficient wastewater treatment in order to recover and reuse the effluents of the process, and avoid uncontrolled discharge and disposal of solid residue from the primary wastewater treatment. 7H 2 O were examined for their turbidity removal capacity under various dosages and studied in relation to the wastewater pH and electrical conductivity. Jar test results showed that FeCl 3 . 6H 2 O presented the highest turbidity removal ability at doses of about 0.375 g/L, while the poorest coagulation/flocculation potential was found for FeSO 4 . 7H 2 O. The findings of this study are expected to contribute to the preparation of a strategic plan for the integrated management of marble processing operations with a lower environmental footprint.
Introduction
The industry of marble processing is considered one of the most important industrial sectors in Greece. The region of Western Macedonia (Northwestern Greece) in particular, is one of the main sources of marble in the country, characterized by a broad variety of white and colored marbles and other stones that are used today in the marble industry (Domopoulou et al., 2014) .
The processing of marble towards the production of final saleable material entails cutting the raw ore into plates of defined shapes and sizes followed by grinding and polishing of visible surfaces. Each stage involves water recirculation aiming at cooling down the cutting and polishing equipment and also removing fine dust particles. The produced wastewater throughout the various stages of processing results in the creation of a high-in-solids effluent, i.e. a sludge stream known as 'Mourgana'.
The operation of a modern marble processing plant arises significant environmental issues (Capitano et al., 2014) . Especially water quality is of high importance for safe cutting and shaping processes, and therefore the water used in the marble processing industry is required to be of good quality, without containing any suspended solids or salts (Oates, 1998) . When a drinking water supply system is not available, alternative water sources, such as individual water drills, may be used. In these cases, water quality should be monitored and appropriate methods should be employed to attain the required chemical and physical water properties. However, fresh water cost is usually high, given the high volumes consumed, and thereby it is more advantageous to recycle the used water, thus contributing to the development of an environmentally-friendly process with a low water footprint. Hence, the most important issue, associated with water used in marble processing is the application of a cost-effective technique for the removal of solid particles incurred during cutting, and the recovery, recycling and reuse of the treated effluent in the marble processing devices.
Today, various techniques are employed for water recovery and recycling (Matouq et al., 2014; Al Ansari, 2012; Ntampegliotis et al., 2006) . Coagulation/flocculation, in particular, has been extensively used due to its low cost and simple operation. This method induces the most suitable environment that should impact on coagulation/flocculation mechanisms and subsequent floc formation. It can be achieved by adding a suitable reagent as coagulant/flocculant, under vigorous stirring conditions aiming at a uniform dispersion of the reagent, the destabilization of the colloid micelles and the formation of small aggregates. The growth of the aggregates towards larger and heavier flocs of appropriate size, which are then removed by precipitation, is achieved by slow agitation that enhances the movement of the aggregates and their attenuation in small distances (Harif et al., 2012; Duan & Gregory, 2003) .
The coagulation/flocculation aids used in the past were inorganic polymeric compounds, such as silica and other natural polymers. Synthetic polymers are frequently used today as coagulation/flocculation reagents. Aluminium and iron salts in particular, are widely used as coagulants/flocculants in water and wastewater treatment, as they are effective in removing a broad range of impurities from water, including colloidal particles and dissolved organic substances (Feng et al., 2015; Harif et al., 2012; Petala et al., 2006; Duan & Gregory, 2003) . Several factors may affect the coagulation/flocculation process, such as the type of chemical agent and dosage, pH, water properties, temperature etc.
In general, coagulation/flocculation/sedimentation is a universal method, as it eliminates a large number of substances, with various particle weights. It is employed in drinking water treatment for particle removal involving the addition of an appropriate compound (coagulant/flocculant) in the process water. In wastewater treatment, an essential feature of coagulation/flocculation processes is to remove the colloidal material that causes coloration and turbidity, eliminating SS and as much of the organic material as possible (Chowdhury et al., 2013; Sher et al., 2013; Syafalni et al., 2012; Arvanitoyannis & Ladas, 2008) . For marble processing wastewater treatment in particular, physicochemical methods have been considered in the last years (Ozyonar & Karagozoglu, 2012; Solak et al., 2009; Arslan et al., 2005; Ersoy, 2005) .
The aim of the present work was the application of the coagulation/flocculation/sedimentation process to the treatment of marble processing wastewater and the determination of optimum conditions, i.e. type of chemical agent, doses and pH, in order to obtain treated water of high quality.
Materials and Methods
Wastewater samples were collected from two different marble processing plants in the region of Western Macedonia, Greece. The mineralogical composition of marbles derived from this area consists in 98% calcite, 1% dolomite, 0.5% quartz and 0.5% muscovite 0.5% respectively. The chemical composition of these marbles is shown in Table 1 . The main physico-chemical properties of the wastewaters examined are given in Table 2 . 7H 2 O). All coagulants were prepared in 0.1 M stock solution. Volumes of stock solutions were added to 800 mL sample volumes to obtain the desired final metal salt solutions: 100, 200, 300 and 400 mg/L for aluminum sulfate and for ferric chloride, and 250, 550, 800, 1050 mg/L for ferric sulfate. Figure 1. Jar test apparatus 800 mL of wastewater sample was added into the beakers followed by the addition of the appropriate volume of the metal salt stock solution. The mixture was rapidly mixed at 160 rpm for 2 min, followed by a slow stirring period at 60 rpm for 10 min. Finally, the mixture was allowed to settle for 20 min, and a sample was withdrawn from the supernatant for further analysis. Kinetic studies were carried out by the collection of 25 mL samples at various time intervals at the end of the slow stirring period, i.e. at 5, 10, 15, 20, and 30 min.
The water samples were analyzed for the determination of pH using an Orion 710A pHmeter, electrical conductivity using a Crison EC-meter GLP 31+ conductivity meter and turbidity by a LaMotte 2020we turbidity meter. The sediment obtained was analyzed using XRD and SEM-EDX analysis.
Results and Discussion
The experimental results of the jar tests, including the effect of various chemicals and doses on the water quality are given in Figures 2a and b . pH is often regarded as the most important water quality parameter, as certain chemical processes take place only at a specific pH value. The mode of action of coagulants/flocculants in particular, is generally explained in terms of two distinct mechanisms depending precisely on pH and coagulant/flocculant dosage: charge neutralisation of negatively charged colloids by cationic hydrolysis products and incorporation of impurities in an amorphous hydroxide precipitate. As shown in Figures 2a and b 7H 2 O however, lead to decreased pH values ranging between about 3.5 and 5. With regard to electrical conductivity, the measurements in Figures 2a and 2b show that increasing the coagulant dose results in slight increase of electrical conductivity. Also from Figures 2a and b , the type and dosage of the coagulant greatly affected the water quality and particularly the turbidity of the effluent. Hydrated aluminum sulfate and ferric trichloride proved to be the most efficient coagulants/flocculant during treatment of sample 1 (Figure 2a) , resulting in low water turbidity ranging from 17 to 24 NTU for the aluminum salt and even down to 1-2 NTU for the ferric salt, while much higher turbidity values were observed for the sample 1 treated with ferric sulfate. Although the initial wastewater properties are important for a successful treatment (Careddu et al., 2014) , and the unprocessed sample 2 presented high initial turbidity, again aluminum sulfate and ferric trichloride proved to be efficient coagulation/flocculation reagents (Figure 2b ), leading to low water turbidity ranging between 12 and 24 NTU, while higher values were measured for ferric sulfate varying from 25 to 95 NTU. In addition, for wastewater sample 1, metal salt dosage slightly affected the process efficiency for the aluminum and the ferric chloride salts, but greatly affected the ferric sulfate behavior.
Turbidity is an indication of the concentration of colloidal particles and is considered an important parameter for evaluating the quality of a water sample. The higher the particle count, the more turbid the water is. These colloidal particles have, in most cases, a negative surface charge, as already mentioned, resulting in the development of repulsion forces between them. Therefore, it is important to promote the destabilization of the particles by adding cationic chemical reagents. The latter stages of water treatment depend largely on the success of the coagulation/flocculation/sedimentation process. The effect of coagulant/flocculant dose on the removal www.ccsenet.org/mas Modern Applied Science Vol. 9, No. 6; 2015 140 efficiency of turbidity for wastewater samples 1 and 2 is depicted in Figure 3a and 3b. From Figures 4a and 4b , it should be emphasized that significant reduction of turbidity, attaining about 95-99% removal capacity, is achieved even at the early stage of the reaction, corresponding to as short process times as 5min.
Figure 5 provides visualization through SEM-EDAX of the flocculates obtained in the sediment recovered from the coagulation/flocculation process. A fine and uniform dispersion of the coagulant/flocculant reagent in the marble residue achieved by adding hydrated aluminum sulfate (Figure 5a ) should contribute to the destabilization of the colloid micelles and the formation of aggregates, thus explaining its efficiency for marble processing wastewater treatment. Nevertheless, relatively uniform dispersion is also attained with hydrated ferric chloride (Figure 5b ), which was also proved to be a suitable coagulant/flocculant. On the other hand, the reduced turbidity removal capacity already stated for the hydrated ferric sulfate should be associated with a poorer dispersion of the reagent, as it can be seen in Figure 5c .
Furthermore, representative XRD analysis spectra are presented in Figure 6 , which show a prevailing dolomite phase in the marble sediment recovered from the coagulation/flocculation process. Certainly, calcite is also detected. Figure 6 . Representative XRD spectra of sediment recovered from marble processing wastewater treatment using hydrated salts as coagulants/flocculants
Conclusions
Marble processing wastewater treatment is achieved by chemical coagulation/flocculation/sedimentation process. Concluding:
• Among the hydrated metal salts (Al 2 (SO 4 ) 3 . 18H 2 O, FeCl 3 . 6H 2 O and FeSO 4 . 7H 2 O) studied by varying the reagent dosage and pH, the ferric chloride proves to be the most efficient coagulant/flocculant, resulting in an effluent with negligible turbidity, followed in treatment performance by aluminum sulfate, while ferric sulfate presents very low coagulation/flocculation ability.
• The hydrated ferric trichloride and aluminum sulfate prove to be efficient coagulation/flocculation reagents for treating wastewater even with high initial turbidity.
• Kinetic studies reveal a high turbidity removal rate to as short sedimentation times as 5 min. The optimum removal efficiency in shorter operation time is a strong advantage of the method employed.
• Chemical dosage slightly affects the process efficiency in most cases. Moreover, pH does not significantly changes with ferric trichloride and aluminum sulfate, resulting in treated water samples with pH in the range of 6.5-8.0. However, clear pH reduction is observed by the addition of ferric sulfate resulting in pH values between 3.5 and 5.0.
The results of the current research are expected to contribute to the preparation of a strategic plan for an integrated management of marble processing operations with the lowest possible environmental footprint.
